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We present a method for the creation and control of cold molecules that involves coherently
combining Feshbach Resonances and STIRAP. We present analytical and numerical results showing
how to optimize this process that can be implemented using techniques readily available in standard
experimental setups. This will provide a link in the chain from atoms to ground state molecules
and can serve as a building block towards more complex processes in coherent ultracold chemistry.
I. INTRODUCTION
Ultracold molecules have many potential uses in promi-
nent areas such as quantum computation [1], control of
chemical reactions [2–5], fundamental measurements [6],
and few-body collision physics [1, 2]. Their rich inter-
nal energy structure that makes them useful in these
applications is the same property that makes creating
these objects difficult. One standard method for creat-
ing these ultracold molecules involves first creating ul-
tracold atoms, then using incoherent procedures such as
magneto-association, also known as Feshbach Resonance
(FR) [7–11], to form vibrationally high energy molecules,
and afterwards transfer the molecules into their ground
state via STIRAP [1, 3, 12, 13]. One of the side effects
of this methodology is that the intermediate state, the
vibrationally hot molecules, sit and wait for the inco-
herent process to end before being cooled using coher-
ent techniques. This opens the door to lose population
through environmental factors, such as collisions or de-
cay to outside states. Taking inspiration from double
STIRAP procedures [2, 6] we look to coherently combine
the process of magneto-association and STIRAP in an
attempt to minimize the time these molecules remain in
this unstable state. By chaining these two processes to-
gether in a coherent manner we create a toolkit for true
deterministic and coherent ultracold chemistry. In this
paper we describe how we approached this task and the
numerical optimization that goes into creating an ideal
case. The major shift in framework we made is viewing
the process of magneto-association, otherwise known as
a Feshbach Resonance (FR), through the lens of the well
understood coherent process of Rapid Adiabatic Passage
(RAP) [4, 5, 14–16]. With that shift, we attempt to
find a suitable dark state for this process and optimize
accordingly. Ideally this technique can be used to chain
together other elementary processes in this Lego-type co-
herent fashion.
II. MODEL DESCRIPTION
Our model describes a continuous, coherent pro-
cess from ultraccold, separated atoms into ultracold
molecules. Starting with separate atoms, we sweep
through a Feshbach resonance to create a Feshbach
molecule, i.e. a molecule in a highly excited vibrational
state of the electronic ground state. Then we apply STI-
RAP to the resulting molecule to transfer the molecule
into a lower energy state. The key factor that makes
this method novel and useful compared to standard tech-
niques is the coherent nature of the process. While com-
mon experimental techniques involve storing the Fesh-
bach molecules in an optical trap and then performing
STIRAP to cool them, our method is done in one con-
tinuous sweep to reduce the time the molecule spends in
unstable intermediary states. Figure 1 shows a visualiza-
tion of this process.
A. Model construction
Figure 2 is a visualization of the level scheme for this
combined FR into STIRAP process. |1〉 represents the
state of separated ultracold atoms. |2〉 represents the
state of the newly combined Feshbach molecules. |4〉
represents our end state of ground state molecules, and
|3〉 represents the intermediate molecular state of a stan-
dard STIRAP procedure. From this we get the following
Hamiltonian for our four level system :
H =
 ∆1 Ω1 0 0Ω1 ∆2 Ω2 00 Ω2 ∆3 Ω3
0 0 Ω3 ∆4
 (1)
The ∆’s are detunings of levels from their bare atomic
resonances. Our investigation will differ from other in-
vestigations into four-level systems [18, 19] in that we do
not apriori assume certain detunings are identically zero
or automatically enforce any n-photon resonances. In ad-
dition to the decay from |2〉 out of the system, we have
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2FIG. 1. General overview of the process, working from right
to left. A collection of ultracold atoms goes through a Fes-
hbach resonance to create ultracold molecules. Then, with-
out storing these high energy molecules, we coherently apply
STIRAP to take the molecule into a more stable ground state
level. Picture inspired by [17].
FIG. 2. Energy level scheme for the 4-level model of the
system. Ω1 is related to the width of the Feshbach resonance,
while Ω2 and Ω3 are the pump and Stokes pulses respectively
in a standard 3 level STIRAP procedure. There are 3 un-
labeled decay rates, from |2〉 into |1〉, from |3〉 into |2〉, and
from |3〉 into |4〉.
3 other decay parameters. We have γs1 and γs2 from |3〉
into |2〉 and |4〉 respectively, as well as γf from |2〉 into
|1〉. This model does not take into account any of the
inefficiencies associated with standard FR processes, so
population numbers reflect only the percentage of Fes-
hbach molecules that are actually created via the initial
magnetic field sweep, which typically is about 20% of the
ultracold atom population. We also neglect to include de-
cay from |3〉 out of the system. From our numerical so-
lutions the population spends negligible time in |3〉 and
thus extra decay from this level would have no effect.
B. Feshbach resonance as rapid adiabatic passage
To justify this model we treat FR as RAP. The Hamil-
tonian for a coupled two-channel model of FR is [9]
Htc =
[
Hbg W (r)
W (r) Hcl(B)
]
The standard Hamiltonian for RAP is
HRAP =
[
0 Ω
Ω ∆
]
According to [9] we can reduce the diagonal elements
of Htc to just the difference between the entrance and
closed channels of the system, i.e. Hbg → 0 and Hcl →
(Hcl(B)−Hbg). The optical detuning (∆) of an RAP
process is analogous to the magnetic detuning (B) in a
FR process, while the Rabi frequencies (Ω) in RAP serve
the same purpose as the level couplings (W (r)) of FR in
determining the width of the resonance. The similarity
of both processes can be seen in their energy dynamics.
This is shown in the appendix.
III. QUALITATIVE ANALYSIS
Our goal is to maximize the coherent transfer of pop-
ulation from |1〉 into |4〉. An easy way to do this would
be to find a dark state of the Hamiltonian that has com-
ponents of both |1〉 and |4〉. Then we could adiabatically
manipulate the parameters of our system such that the
state initially is aligned along |1〉 and ends fully aligned
along |4〉. This is the bare minimum we are looking for
at first. Once those conditions are satisfied we would like
to impose further conditions of minimizing the amount
of population that is in |2〉 and |3〉 throughout the pro-
cess, as those states are assumed to be the most unstable
and prone to decays out of the system. The first step in
finding a dark state is looking at the determinant of the
Hamiltonian
detH = ∆1∆2∆3∆4 −∆3∆4Ω12 −∆1∆4Ω22
−∆1∆2Ω32 + Ω12Ω32 (2)
This is not identically zero, so no dark state exists apri-
ori in this system. To move forward we artificially create
one by enforcing certain relations between the parame-
ters. First, note that this expression can be simplified by
3taking advantage of the freedom to set the zero energy
of this system anywhere. Setting one of the detunings to
0 will negate some terms in this expression and make it
more manageable. We choose to set ∆4 = 0, which re-
duces the complexity of the determinant to the last two
terms in (2). These two terms cancel under following
relation
Ω1
2 = ∆1∆2 (3)
With (3) the determinant of our Hamiltonian becomes
0 and the following unnormalized dark state appears
|Ψ〉 = Ω1Ω3|1〉 −∆1Ω3|2〉+ ∆1Ω2|4〉 (4)
As desired this dark state has components along |1〉
and |4〉. While there is an additional component along
|2〉, there is no component along |3〉. Getting this dark
state to initially line up with |1〉 is difficult primarily be-
cause of the dark state condition (3). Our approximation
is to start with Ω1 and Ω2 equal to 0, with Ω3 and ∆2
both nonzero. ∆3 plays no significant role in this discus-
sion, and ∆4 is already 0 by assumption. Our argument
for this setup is that while technically all of the dark
state components would be zero with these assignments,
the components along |2〉 and |4〉 will be more strongly 0
than the component along |1〉. The component along |1〉
is a nonzero number multiplied by something very close
to zero, whereas the components along |2〉 and |4〉 are the
multiplication of two numbers very close to zero. At the
end of our process we want the dark state to lie along |4〉,
so in a similar fashion we choose Ω2 and Ω1 to be nonzero
while Ω3 and ∆2 become 0 or close to it. Other choices
can be made for the detunings to set to 0, but they do
little to simplify the problem. Setting ∆1 = 0 results
in a dark state with components along |1〉, |3〉, and |4〉
while setting the other two detunings to zero results in
a dark state with components along all four bare states.
Throughout this procedure it will be useful to look at
the coupling strengths between our dark state and other
states in which we wish to avoid large populations. First
we move into an adiabatic basis. We choose our dark
state (4) and the excited state |3〉 as two of the new basis
vectors. then use Gram-Schmidt orthogonalization to get
the remaining two basis states, which we will call bright
states. The transformation matrix R then becomes
R =

∆1 −∆1Ω1Ω2 0 Ω1Ω3
Ω1 ∆1
2Ω2 0 −∆1Ω3
0 0 1 0
0
(
∆1
2 + Ω1
2
)
Ω3 0 ∆1Ω2

where columns 1 and 2 are the bright states, column
3 is the excited state, and column 4 is our dark state.
Sine the parameters in this matrix are time-dependent,
this time-dependent transformation leads to the following
transformed Hamiltonian
H ′ = RHR† − ıR†R˙ (5)
The coupling between the dark state and the excited
state is identically 0 in this transformation. Therefore
in our adiabatic considerations we focus on the coupling
between the dark state and the two constructed bright
states. By minimizing this coupling we should be able to
stay in our dark state even in the presence of incoherent
processes like decay in the system [20]
IV. NUMERICAL RESULTS
In order to optimize the process and its timing, we
employ numerical calculations. While the results shown
here are not systematically optimized, combinations of
intensity, detuning, time delays and processing speeds are
shown here to demonstrate the power of the procedure
compared to typical experimental setups.
A typical functional form of the Rabi frequencies that
optimally maintain the coherence necessary for STIRAP
consists of arctan-functions:
Ωi(t) =
Ωmag
pi
(
pi
2
± arctan
(
t− t0
τ
))
,
where Ωmag, t0, and τ are the numerical parameters that
form the search space. The form is such that for −(+)
the Ω’s start (end) at 0 and end (start) at Ωmag. We
also take a similar form for ∆2, where ∆2 starts near
its maximal value and ends near 0. ∆1 is numerically
determined by the dark state condition (3).
Setting the decay rates γf = γout = 2 and γs1 = γs2 =
20 we found a typical evolution , represented by Fig. 3.
FIG. 3. A typical time evolution of the population in each of
the four bare states throughout the process.
Figures (4) and (5) show the Rabi frequencies and de-
tunings respectively needed to achieve this result. Note
that the decay rates are near the magnitude of the Rabi
4frequencies needed to achieve this result. To help un-
derstand what these numbers mean, it’s useful to com-
pare them with physically realizable parameters. Scaling
the decay rate γs1 to the physically relevant quantity
12.5 × 109s−1 results in a maximal Rabi frequency of
8.75× 109s−1 for Ω2 [19].
FIG. 4. Rabi frequencies (Ω’s) for time evolution in Fig. 3.
FIG. 5. Relevant level detunings for time evolution presented
in Fig. 3.
This is a considerably better result than what can be
achieved by treating the same four level system as two
separate coherent processes of RAP followed by STIRAP,
as seen in Fig. 6. This is a massive improvement for a
medium-strength decay out of the system. While very
strong decay out of the system will, up to now, produce
similar results, this new method shows much improve-
ment over treating these two processes independently.
Results for different combinations of system param-
eters (in particular, different strengths of decay out of
state |2〉) are shown in .
V. CONCLUSION
This work provides a novel and easily testable frame-
work for the creation of ultracold molecules. In addition,
FIG. 6. Time evolution of populations with FR and STI-
RAP as separate processes when the decay of state |2〉 is not
vanishingly small. This was optimized in a similar way as
Fig. 3, using the same decay rates but varying the strength
and time-scale of the Rabi frequencies and level detunings.
this coherent combination of the two steps can, in princi-
ple, be inserted anywhere needed in a chain of steps, join-
ing together any resonant and STIRAP processes. Cur-
rent experimental setups should be able to incorporate
these ideas fairly easily, as the proposed method does not
call for new equipment, merely an adjustment of standard
techniques by adjusting to time dependent Rabi frequen-
cies and detunings. One issue this work does not address
yet is the relative inefficiency of the resonant process,
particularly of Feshbach resonances. Due to the coher-
ent nature of the STIRAP procedure, any combination of
Feshbach resonance and STIRAP can only be used once,
since repeated applications would empty the final state
at the same rate as it would be filled. Further study
into multiple iterations of this pulse scheme could miti-
gate that particular issue, altering this method to facil-
itate multiple runs that will capture more ground state
molecules than are destroyed. This will be subject of
an upcoming publication. Further improvement on the
method presented here could be achieved by taking ad-
vantage of the strong coupling between the intermediate
levels |2〉 and |3〉 [21].
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Appendix A: Explicit Hamiltonian
The entries from the transformed matrix H ′ mentioned
in (5)
5H ′11 = ∆1 +
Ω1
2
∆1
H ′22 = 0
H ′33 = ∆3
H ′44 = 0
H ′12 =
ı∆1Ω2
(
∆1Ω˙1 − ∆˙1Ω1
)
√
∆1
2 + Ω1
2
√(
∆1
2 + Ω1
2
) (
Ω1
2Ω3
2 + ∆1
2
(
Ω2
2 + Ω3
2
))
H ′13 =
Ω1Ω2√
Ω1
2 + Ω2
2
H ′14 =
ıΩ3
(
Ω1∆˙1 −∆1Ω˙1
)
√
∆1
2 + Ω1
2
√
Ω1
2Ω3
2 + ∆1
2
(
Ω2
2 + Ω3
2
)
H ′23 =
√(
∆1
2 + Ω2
2
) (
Ω1
2Ω3
2 + ∆1
2
(
Ω2
2 + Ω3
2
))
∆1
2 + Ω1
2
H ′24 =
ı
(
∆1Ω1Ω2Ω3Ω˙1 + ∆1
3
(
Ω2Ω˙3 − Ω˙2Ω3
)
− Ω12
(
∆1Ω3Ω˙2 + Ω2
(
Ω3∆˙1 − Ω˙3∆1
)))
√
Ω1
2Ω3
2 + ∆1
2
(
Ω2
2 + Ω3
2
)√(
∆1
2 + Ω1
2
) (
Ω1
2Ω3
2 + ∆1
2
(
Ω2
2 + Ω3
2
))
H ′34 = 0
Appendix B: Explicit parameter values
Parameters Fig. 3 Fig. 7 Fig. 8
Ω1
Ω1mag 1 1 1
Ω1offset 89 89 89
Ω1tau 0.5 0.5 0.5
Ω2
Ω2mag 14 14 14
Ω2offset 66 66 66
Ω2tau 0.5 0.5 0.5
Ω3
Ω3mag 1 1 0.5
Ω3offset 90 90 90
Ω3tau 0.5 0.5 0.5
∆2
∆2mag 18 18 18
∆2offset 81 81 81
∆2tau 6 6 6
∆3
∆3mag 10 10 10
∆3offset 0 0 0
∆3tau 0 0 0
γf 2 2 2
γS1 20 20 20
γS2 20 20 20
γout 2 0.2 20
Appendix C: Additional Graphs
One thing of note from Fig. 9 is how robust this proce-
dure is with regards to the decay from |2〉 into |1〉. The
only thing that changes from Fig. 3 is removing the decay
FIG. 7. Populations in the levels with γf and γout an order
of magnitude smaller than the figures presented in the main
body of the paper
from |2〉 to outside of the system, yet the improvement
in performance is quite noticeable.
Appendix D: RAP and Feshbach Resonance energy
structure
6FIG. 8. Populations in the levels with γf and γout an order of
magnitude larger than the figures presented in the main body
of the paper
FIG. 9. This is a similar run to what is presented in Fig. 3
but with γout set to 0.
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